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ANOTACE DIPLOMOVÉ PRÁCE 
LANG, J. Příprava oxidu titaničitého z titanylsulfátu a jeho charakterizace: diplomová práce. 
Ostrava: VŠB – Technická univerzita Ostrava, Univerzitní studijní programy, 2013, 61 s. 
Vedoucí práce: Matějka, V.  
Diplomová práce se zabývá přípravou a charakterizací fotoaktivního oxidu titaničitého. 
Nanostrukturovaný oxid titaničitý je významným fotokatalyzátorem využívaným v mnoha 
odvětvích od čištění vody až po samočistící povrchy. Tato diplomová práce se zabývá 
přípravou oxidu titaničitého sulfátovou metodou. Jako prekurzor titanu byl použit titanyl 
sulfát, vzorky oxidu titaničitého byly připraveny ve formě prášku. Připravené vzorky byly 
charakterizovány vybranými metodami chemické a fázové analýzy, morfologie vzorků byla 
studována pomocí mikroskopických technik. U připravených materiálů byla testována jejich 
fotodegradační aktivita. 
Klíčová slova: fotokatalyzátor, oxid titaničitý, titanyl sulfát, sulfátová metoda 
 
ANNOTATION OF DIPLOMA THESIS 
LANG, J. Preparation of titanium dioxide using titanylsulphate and its characterization: 
Diploma Thesis. Ostrava: VŠB – Technical University of Ostrava, University Study 
Programmes, 2013, 61 p. Thesis supervisor: Matějka, V. 
The diploma thesis focuses on the preparation and characterization of photocatalytic 
active titanium dioxide. Nanostructured titanium dioxide is an outstanding photocatalyst 
finding a variety of applications ranging from the water treatment to the preparation of the 
self-cleaning surfaces. This diploma thesis focuses on the preparation of the titanium dioxide 
using the sulphate method. Titanyl sulphate was used as a titanium precursor and the samples 
of titanium dioxide were prepared in the form of powder. The prepared samples were 
characterized using methods of chemical and phase analysis. The morphology of the samples 
was studied using microscopy techniques. The prepared samples were examined for 
evaluation of their photodegradation activity. 
Key words: photocatalyst, titanium dioxide, titanyl sulphate, sulphate method 
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List of abbreviations and symbols 
Ads = adsorbed 
BET = Brunauer–Emmett–Teller theory 
BSE = backscattered electrons 
CAS = chemical abstract service 
CB = conductive band  
CIE = color space defined by International Commission on Illumination  
CIELAB = color space devised from CIE color space 
∆G0 = Gibbs free energy  
Demi = demineralized 
DLVO = Deryagin, Landau, Verwey and Overbeek theory 
DSC = differential scanning calorimetry 
EDX = Energy-dispersive X-ray spectroscopy 
Eg = band gap energy 
HTD = hydrated titanium dioxide 
IUPAC = International Union of Pure and Applied Chemistry 
IR = infra red 
Lc = crystallite size 
Min. = minutes 
Ox = oxidized 
pH = hydrogen ion concentration 
Red = reduced 
SBET = specific surface area calculated from Brunauer–Emmett–Teller theory 
SE = secondary electrons 
SEM = scanning electron microscopy 
SSA = specific surface area 
TA = thermal analysis 
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TEM = Transmission electron microscopy 
TG = thermogravimetric analysis  
UV = ultraviolet 
VB = valence band 
VNET = net pore volume 
XRD = X-ray diffraction 
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1 Introduction 
Nanomaterials quickly find their way to products in our everyday life. What are those 
nanomaterials that are marketed to us in so many products? Nanomaterial is defined as a 
material whose size does not overcome 100 nanometers (1 nm = 1.10-9m) at least in one 
direction [1]. The dispersions of nanoparticles are studied in colloid chemistry.  
Nanomaterials are nothing alien to the human and nature. Natural nanoparticles can be 
found in volcanic ash. Carbon nanoparticles as a product of combustion are found in soot, 
even living creatures contain nanoparticles – cell organelles can be regarded as nanodevices 
and also viruses meets the criteria for nanoparticles. Nanoparticles play role in such vital 
processes like weather where they serve as nucleation centers for water to condense on and 
thus creating rain drops. People encounter nanomaterials daily even without knowing it. 
Large range of products utilizing nanoparticles from cosmetics, clothing and protective 
coatings of sport instruments can be find on nowadays market as shown in Fig. 1. 
Nanomaterials are used because they exhibit useful new properties which are not observable 
in their bulk form, whereas titanium dioxide is a good representative of that. Its bulk form is 
used in pigment industry where it has a major share in white pigment production. Its 
nanosized form presents properties like photoactivity and superhydrophilicity, which can be 
used for creation of antibacterial surfaces, antifogging glasses, self-cleaning surfaces and solar 
cells [1]. 
 
Fig. 1 Variety of products utilizing nanomaterials [1]. 
The combination of properties of bulk and nano forms of materials could result in 
material with great ecological impact. By application of thin layer of paint consisting of 
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nanosized TiO2 white colored surface showing photodegradation, antibacterial, self-cleaning 
properties can be obtained. That means, while fulfilling its aesthetical role as a white pigment, 
titanium dioxide would also reduce the air pollution utilizing its photocatalytic properties or 
save maintenance money because of its self cleaning feature. With the continuation of 
widespread use of white pigments on light exposed surfaces and walls it presents substantial 
way of reducing air pollution.  
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2 Theory 
This part of the thesis provides brief insight to origin and factors affecting the properties 
of TiO2 and to the process of TiO2 preparation. 
2.1 Titanium dioxide 
TiO2 is a compound of titanium and oxygen. In nature it occurs in three crystallographic 
phases (anatase - tetragonal, rutile - tetragonal, brookite - orthorhombic) and although other 
phases do exists they are not very that common. The structure of anatase crystallographic 
phase is shown in Fig. 2. Titanium dioxide has CAS registry number: 13463-67-7 [2]. 
 
 
Fig. 2 Anatase crystallographic phase structure [3]. 
Titanium dioxide is a semiconductor and semiconductors can be characterized by their 
band gap. The band gap energy (Eg) is specific for each crystallographic phase of TiO2. The 
anatase phase has indirect band gap Eg = 3.2 eV and rutile phase direct band gap 
Eg = 3.02 eV [4, 5]. The band gap and its meaning for the photocatalytic properties of TiO2 
will be further explained in the chapter 2.2 “Photoactivity”. 
Until the rediscovery of photocatalytic properties of the anatase phase by Fujishima in 
1970s the main application of TiO2 was in pigment industry. 
The rutile phase is used in pigment industry as a white pigment for its optical properties 
like opacity, high brightness and high refractive index. TiO2 is also recognized as non-toxic 
and substitutes previously used white pigment Anglesite which contains highly toxic lead 
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(Lead(II) sulphate - PbSO4). Excellent pigmentary properties of TiO2 are followed with good 
processing properties like dispersibility and weather resistance.  
One of the main natural sources of economically affordable TiO2 is mineral ilmenite (iron 
titanium oxide - FeTiO3). It got its name after mountains Ilmen in Chelyabinsk Oblast', 
Southern Urals, Urals Region, Russia. The biggest producers of ilmenite are USA, Norway, 
Canada, Russia and India [6-8]. Other significant sources of TiO2 are leucoxene which is a 
weathering product of ilmenite, titanium slag and synthetic rutile [9].  
 
2.2 Photoactivity  
Photocatalysts are generally semiconductors, at which the transition of electron from 
valence band (VB) to conductive band (CB) is caused by photoexcitation by the photon with 
energy higher than the energy of the band gap (Eg). The Eg is situated between VB and CB as 
shown in Fig. 3. 
  
Fig. 3 Photoexcitation of electron in semiconductor [4]. 
The band gap is amount of energy needed for excitation of electron from valence band to 
conductive band and also an energy range in a solid where no electron states can exist [4]. 
The energy can be supplied by electromagnetic irradiation with sufficient wavelength. The 
relation between energy and wavelength is given by equation (1).  
 
λ
hcE =
 (1) 
Where E is energy (eV), h is Planck constant (eVs), c is speed of light (m/s), λ is 
wavelength (nm). For TiO2 the band gap energy is 3.2 eV for anatase and 3.02 eV for rutile, 
which corresponds to the energy of the photon with wavelength of 387 nm and 410 nm 
respectively [4]. 
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The transition of the electron from VB to CB can be direct (the momentum of the electron 
is conserved) or indirect (for the transition to occur the electron has to change a momentum 
and for that it requires interaction with lattice vibration called a phonon).  
Next to the band gap energy, the ability of semiconductor to transfer photoinduced 
electron to an adsorbed particle which is determined by the band energy positions of the 
semiconductor and the redox potential of adsorbed compounds is necessary for the progress 
of photocatalytic reactions.  
The energy level at the bottom of the conduction band corresponds to the reduction 
potential of photoinduced electrons. The energy level at the top of the valence band 
corresponds to the oxidation ability of photoinduced holes. Both of these values determine the 
reduction and oxidation ability of the system [4]. The band positions: top of the valence band 
and bottom of the conductive band of several semiconductors and selected redox potentials 
are schematically shown in Fig. 4. 
 
Fig. 4 The band positions of several semiconductors together with chosen redox potentials. Where 
E(NHE) is energy of normal hydrogen electrode, darker rectangles represents the top of the valence 
band, the lighter rectangles represents the bottom of the conductive band [4]. 
The lack of continuum of interband states of semiconductors in comparison to metals, 
prolongs the recombination time of electron-hole pair. The recombination time is affected by 
the nature of the electron transition. The indirect transition requires also a presence of phonon. 
The longer recombination time enables diffusion of electrons and holes to catalyst’s 
(photocatalytic active semiconductor’s) surface and to initiate redox reaction [4]. 
2.2.1 Photoinduced reactions on a semiconductor particle 
The electron-hole pair is generated after absorption of photon with sufficient energy. The 
generated electron-hole pair is responsible for oxidation and reduction reactions that take 
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place on the surface of the semiconductor particle. The oxidation and reduction reactions 
together with the electron-hole recombination take place at the same time, but with different 
reaction speeds [4]. The scheme of photoinduced reactions on the semiconductor particle is 
shown in Fig. 5. 
 
Fig. 5 Scheme of photoinduced reactions on the semiconductor particle. A- Acceptor, D- donor, ads- 
adsorbed, hν - photon energy, Eg- band gap energy, a) generation of electron-hole pair, b) oxidation 
reaction, c) reduction reaction, d) surface electron–hole recombination, e) bulk electron-hole 
recombination [4]. 
The photoinduced reactions shown in Fig. 5 correspond to the reactions on the surface of 
TiO2 particle and are most often expressed by the following scheme [4]: 
a) TiO2 + hν → TiO2 (e- + h+)  generation of electron-hole pair  
b) e- + Mn+ → M(n-1)+ reduction reaction of metal cation 
or e- + O2 (ads) → O2• - oxygen radical generation from adsorbed O2 
c) h+ + H2O → HO• + H+ oxidation of adsorbed water  
(hν - photon energy, Mn+- metal ion, h+- hole, e-- electron) 
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2.2.2 Photosynthesis vs. photodegradation 
The scheme of photocatalyzed reaction (1) is shown below: 
21hads2ads1
Ox + Red )(Red + )(Ox
gE
torsemiconduc
>
 →
ν
 
(1)
 
In most photosynthesis reactions involving TiO2, ∆G0 is negative (∆G0<0) and the 
reactions are photocatalytic rather than photosynthetic [4]. 
Almost every functional group with non bonded electron pair or with π-conjugation is 
prone to oxidation by TiO2. Reductive transformation of organic compound is possible under 
certain experimental conditions (absence of oxygen and source of proton). The reductive 
transformation is usually less efficient than the oxidative one. There are two reasons:  
1. The reducing power of a conduction band electron is significantly lower than the 
oxidizing power of a valence band hole. 
2. The most reducible substrates cannot kinetically compete with oxygen in trapping 
photogenerated conduction band electrons. 
Thus, the main research focus is on the photodegradation of compounds rather than their 
photosynthesis [4]. 
2.2.3 Photodegradation of organic compound 
As mentioned above, the reductive transformation of organic compounds is usually less 
efficient than the oxidative one. The photodegradation of organic compound proceeds by its 
direct oxidation by hole (h+) and indirect oxidation by hydroxyl radical HO•. 
The photodegradation of the organic compound proceeds according to these reactions:  
h+ + R → R•    direct oxidation  
HO• + R-H → R• + H2O  indirect oxidation of organic compound R [10]. 
The photodegradation of organic compound can indirectly proceed by other activated 
oxygen species e.g. O2-, HOO-, HOOH, HOO-, HO-, depending on the reaction conditions. 
The organic compounds can be degraded to basic inorganic compounds such as water, carbon 
dioxide and mineral acid [4]. 
There are three approaches to enhance photocatalytic activity: 
1. Band gap tuning - by altering chemical composition of photocatalyst, ergo electronic 
structure, influencing which part of the electromagnetic spectra will be able to excite 
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electron in photocatalyst. It is performed by addition of sensitizers and through doping 
(noble metals, transition metals, lanthanide metals, nonmetals, etc.) [11, 12]. 
2. Reducing charge carrier recombination - decreasing the size of the photocatalyst 
particles reduces the distance which charge carriers (electrons and holes) must travel 
to the surface and enables utilization of their charge (energy) before their 
recombination. The reduction of the size of photocatalyst particle is accomplished 
during the synthesis of the catalyst [11]. 
3. Modifying surface chemical reactions - by altering the surface of the photocatalysts 
by supporting materials which promote the forward reaction and quickening the 
absorbance of reactants and their desorption. It is achieved by using high surface area 
support structures and by modifying the surface chemical composition [11]. 
2.2.4 Parameters affecting photodegradation process 
The photodegradation process can be affected by several ways. These approaches are 
realized by careful adjustment of parameters like photocatalyst dosage, UV light intensity, 
concentration and nature of the pollutant, temperature, oxygen concentration, pH, humidity 
for photodegradation reactions in gaseous phases and others which can significantly affects 
photodegradation rate [4]. 
The main factors influencing the photodegradation process are mainly: 
Dosage - With higher dosage of the photocatalyst the total surface area grows and 
therefore more active sites are available. On the other hand In the case of overdose the 
photocatalytic particles may shield each other from the illumination and prevent efficient use 
of photons [13, 14]. 
UV light intensity - The reaction order is dependent on the intensity of used light. The 
borderline intensity is 25 mW/cm2. The first order regime is for intensities up to 25 mW/cm2, 
half order regime is for intensities above the 25 mW/cm2 borderline. With increasing light 
intensity more electron-hole pairs are generated and the rate of photodegradation is 
higher [14]. 
Concentration and nature of pollutant - The photocatalyst has limited amount of active 
sites and in the situation of excess amount of pollutant the active sites are saturated and the 
photodegradation reactions have constant rate [4].  
Temperature - The photocatalytic oxidation is not much affected by minor temperature 
changes (the energy to excite electron from the valence to conductive band is greater than the 
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thermal energy available at the room temperature). However, the temperature affects 
desorption time of the pollutant, with higher temperature the desorption time is shorter [4].  
Oxygen concentration - The dissolved molecular oxygen is electrophylic and reduces 
electron-hole recombination. However at high concentration of the oxygen the surface of TiO2 
becomes intensively hydroxylated by OH groups which inhibit the adsorption of the 
pollutant [4]. 
pH - The pH affects surface charge of the photocatalyst, size of agglomerates, ionization 
and speciation of organic pollutant. Electrostatic interactions between photocatalyst, pollutant, 
solvent, species created during photocatalytic process and the whole process of the 
photocatalytic oxidation is greatly dependent on pH.  
It was reported that the positive charge on the surface of TiO2 photocatalyst increases 
with the decrease in pH. The positive holes are determining oxidative species at lower pH and 
hydroxyl radicals are predominant at neutral and high pH [4, 14]. 
Humidity for photodegradation reactions in gaseous phases - The water plays 
important role in the constant production of hydroxyl radicals for catalytic activity, as can be 
seen in above mentioned reaction c) h+ + H2O → HO• + H+ [4]. 
High-surface area - photocatalysts with high specific surface area show increased 
photocatalytic activity due to the high number of active sites available on the surface. This is 
best utilized in powder materials [11]. 
2.3 Colloids 
What are the colloids? Colloids are systems with colloid dispersion, that means systems 
with size of the dispersed particles between 5 nm to 1µm [15]. 
Colloid dispersed systems can be divided according to affinity between dispersed phase 
and dispersion medium [15]: 
Lyophobic dispersions – in lyophobic systems (from greek lyos - liquid and phobos - to 
hate) dispersed phase is insoluble and has no affinity to dispersion medium. Lyophobic 
dispersions are typical heterogeneous systems (will be discussed further in the text). 
Lyophilic dispersions – in lyophilic systems (from greek filo - to love) dispersed phase 
has affinity to dispersion medium. Lyophilic dispersions are macromolecular solutions which 
displays some features typical for colloid dispersion. 
Associative colloids - colloids where dispersed particles are created by reversible 
association of amphiphilic molecules into organized clusters called micelles. Forming of the 
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micelles is possible due to the composition of the amphiphilic molecules - one part of the 
molecule has great affinity towards the dispersion phase - “tail” and the other part of the 
molecule is insoluble in the dispersion phase ”head”. The - “heads” are in the center of the 
micelle and the “tails” are facing outwards from the center [15]. 
2.3.1 Lyophobic colloid 
Colloid particles are usually not isolated molecules but rather clusters of molecules. 
Thanks to phase boundary separating the phases colloid system can be classified as 
heterogeneous system even though all involved phases have the same physical state. The 
boundary can exist when one of the phases is insoluble or very little soluble. The 
classification of the heterogeneous systems is shown in Tab. 1 [15].  
 
Tab. 1 Classification of the heterogenous dispersion systems according to the physical state. 
Medium dispersed phase 
dispersion system 
Colloid d. Coarse d. 
Gas 
gas --- --- 
liquid liquid aerosol* mist 
solid solid aerosol* smoke 
Liquid 
gas foam foam 
liquid emulsion emulsion 
solid lyosol* suspension 
Solid 
gas solid foams minerals with encapsulated gas 
liquid gel 
minerals with encapsulated 
droplets 
solid solid sol* eutectics 
* In colloid chemistry it is customary to describe all colloid dispersed systems as sols 
(hence aerosol, lyosol, …) [16]. 
Following features are specific for colloid dispersions [15]: 
• Colloid particles are not visible using optical microscopy but can be detected by 
ultramicroscopy (utilizing Tyndall effect- light scatterred on small (colloid size) 
particles dispersed in medium). 
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• Opalescence - a type of dichroism when the color of the material appears to be 
yellowish-red in transmitted light and blue in the scattered light perpendicular to the 
transmitted light. 
• Particles are too small to be filtered using filtration paper but too big for membranes. 
• In comparison to molecular dispersion the Brownian movement of the particles is 
smaller.  
• Slow diffusion and sedimentation. 
• Small osmotic pressure (colligative property- depends on the number of particles). 
• Stability issues - kinetic stability but aggregate lability. Kinetic stability refers to 
small changes in distribution of particle concentration in gravitation field - slow 
sedimentation. Aggregate lability refers to liability of colloids to change their degree 
of dispersion.  
Colloid features are not restricted to inorganic compounds, organic compounds creates 
colloids too, e.g. milk, blood [15]. 
2.3.2 Preparation of lyophobic colloid 
There are two approaches to the preparation of lyophobic colloids. One way is the 
dispersion of larger particles into smaller ones through methods like milling and 
ultrasonication. The other method is condensation of molecules into larger particles [15].  
The condensation method - This approach is based on the formation of the nucleation 
centers from the solution. If the starting solution is oversaturated the spontaneous nucleation 
occurs. Nucleation can be stimulated by the inoculation of the saturated solution by the 
introduction of nucleation centers. Condensation method is affected by nucleation and growth 
of nuclei. Oversaturation of the starting solution can be induced by the manipulation of 
physico-chemical conditions like temperature, pressure, solvent composition, or it can be 
achieved by the chemical reaction of the dissolved compounds. Dispersion system can be 
prepared by the means of various chemical reactions (oxidation, reduction, precipitation, 
hydrolysis, etc.) whose products are less soluble than precursors [15]. 
  
2.3.3 Particle growth 
Due to the high degree of dispersion in colloid systems the particles have 
area which is significant for adsorption and other surface phenomena unlike in
dispersions or coarse dispersions
The large surface area of the phase boundary 
energy and grows with 
decrease their degree of dispersity through 
Ostwald ripening –
(surface curvature has relation to
surface energy). The diffusion of small particles to larger ones leads to lowering of the
energy in the system. Speed of 
coefficient and surface tension
 
Fig. 
Aggregation – this mechanism is 
faster mechanism. Dispersed particles 
aggregates is possible thanks to attractive 
dispersed particles [15]. 
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 where the volume properties are prevalent
is associated with great interphase boundary 
the degree of dispersity. Therefore colloid systems spontaneously 
one of these methods [15]
 small particles have greater surface curvature than larger particles 
 overall surface of the dispersed phase 
the process depends on the volatility of the medium, diffusion 
 [15]. The process of Ostwald ripening is illustrated in 
6 The Ostwald ripening mechanism of particle growth.
more common than Ostwald ripening
link together and form larger aggregates. 
Van der Waals forces which
The process of aggregation is depicted in Fig. 
large surface 
 the molecular 
. 
: 
that is related to the 
 surface 
Fig. 6. 
 
 
 and generally has 
Formation of 
 take place between the 
7. 
  
The Van der Waals forces includes: Keesom
Debye force - interaction between permanent dipole and induced dipole, London dispersion 
force - interaction between two induced dipoles
Flocculation is a type of 
and thus the flocculation is 
dispersed into smaller particles is called peptization 
Coagulation on the other hand is a type of aggregation that leads to strongly bound 
particles in aggregates. Coagulation is irreversible process. If the nature of 
not known the process of their formation 
2.3.4 Stabilization of the colloids suspensions
The way of preventing aggregation 
than colloid dispersion is achieved by the 
Electrostatic stabilization
charge repel each other.
(after its authors Deryagin, 
account the influence of electrostatic forces, Brownian motion and Van der Waals forces 
affecting the particles. 
originating from the dispersion medium 
double layer is illustrated in 
particle) of counter ions is called Stern layer
ions form diffuse layer around the particle. 
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Fig. 7 The mechanism of aggregates formation.
 force - interaction between two dipoles, 
 [15]. 
aggregation where particles are not so strong
reversible, the reverse process where larger 
[15]. 
is usually described as coagulation
 
of the particles into agglomerates 
stabilization - electrostatic or steric
 –is based on the phenomenon that 
 This phenomenon exerted to colloids is described b
Landau, Verwey and Overbeek). The DLVO theory takes 
The charged particles are surrounded by a coat of counter ions 
and thus forming electric double layer
Fig. 8. The first layer (adhering right to the surface of the 
. The more distant (less rigidly adhering) counter 
The electrokinetic potential at the frontier between 
 
 
ly bound together 
aggregates are 
the aggregates is 
 [15]. 
with sizes larger 
 [15].  
two particles with same 
y DLVO theory 
into 
. The electric 
  
diffuse layer and medium is
characteristic in description of 
 
Fig. 8 The composition of electric double layer around particle.
Steric stabilization
of particles. These molecules are adsorbed on the particles but they are also 
dispersion medium. Principle of this method is mechanical obstruction of closing particles 
near together shown in Fig. 
stabilization is often accomplished 
particle [15].  
Fig. 9 Stabilization
Factors affecting stability
addition of the electrolyte in the 
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 called ζ - potential (Zeta - potential) 
stability of lyophobic colloids [15].  
 – is based on adsorption of suitable molecules on the
9 where the attractive forces could prevail
by adsorption macromolecules
 of particles through macromolecule adsorption (steric stabilization)
 of the colloids- Electrostatic stability can be disrupted by 
suitable medium and countering the 
and it is important 
 
 
 whole surface 
soluble in the 
. The process of steric 
 on the surface of the 
 
. 
repelling charges. 
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electrostatic stabilization
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2.4 Titanyl sulphate 
The precursor used for preparation of TiO
is titanyl sulphate, also known as Titanium sulfate, basic; Titanium(IV)oxysulfate; T
sulfate hydrate. The chemical formula 
schematically illustrated in 
colored odorless fine powder. 
and solid TiOSO4.nH2O
sulfuric acid, whereas 
TiOSO4.nH2O and its hydroly
corrosive to metals and tissue and causes severe skin burns and eye damage. Eye protection 
and protective clothing during the manipulation with this substance 
2.5 Preparation method
Industrial production of pigment TiO
thesis has been created 
posed on the sulphate method that is utilized 
manufacturing. 
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Fig. 10. The CAS registry number is 13825
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Fig. 10 Titanyl sulphate formula [17]. 
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-74-6. It is a white 
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Chloride method: 
The first step in the method is the preparation of the titanium precursor. Raw material 
which is rich on titanium dioxide is converted to titanium tetrachloride (TiCl4) in reduction 
atmosphere. Titanium dioxide reacts with chlorine according to chemical reaction (2). The 
reaction temperature has to be maintained at 800-1200 °C. 
 
2422 2 COTiClCClTiO +→++
 
(2)
 
The reaction gases are cooled and the separation of accompanying chlorides via 
sublimation or condensation at temperatures < 300 °C takes place. The TiCl4 condenses at 
0 °C and undergoes further purification. 
Pigment grade TiO2 is produced by the combustion of the separated TiCl4 vapors in 
oxygen atmosphere at 900-1400 °C according to equation (3).  
 
2224 2 TiOClOTiCl +→+
  
(3)
 
The prepared TiO2 is caked on the sides of the reactor and is then subjected to further post 
treatment. 
The determining factors affecting the particles size and its distribution during the chloride 
process are reaction temperature, oxygen excess and flow conditions in the reactor. Nuclei 
formation is affected by presence of water and Cs-compounds in TiCl4 during combustion. 
Addition of aluminium chloride (AlCl3) during the combustion promotes rutile formation on 
contrary to phosphorus trichloride (PCl3) and silicon tetrachloride (SiCl4) that are used to 
suppress formation of rutile in favor to anatase. 
The chloride process produces TiO2 pigments which have better lightness and more 
neutral hue than TiO2 produced by sulphate process [9]. 
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Sulphate method: 
The sulphate process starts with preparation of the raw materials (ilmenite is used most 
often) which are dried to achieve the moisture content less than 0.1 % and grinded in a mill to 
particles of size around 40 µm. Prepared raw material is leached in the presence of 
concentrated sulfuric acid (80-98 % H2SO4) according to chemical reaction (4). The amount 
of the sulfuric acid is carefully measured in order to have the “acid number” (weight ratio of 
free H2SO4 to TiO2 produced by the hydrolysis) in the range between 1.8-2.2. The hydration 
heat rises the temperature to 50-70 °C and the exothermic sulfate formation further increases 
the temperature to 170-220 °C [8, 18, 19]. 
 OHTiOSOFeSOSOHFeTiO 244423 22 ++→+  
(4)
 
The reaction mixture is then left to mature for 1-12 hours depending on the starting raw 
material. The obtained cake is dissolved in cold water or diluted sulphur acid. The 
temperature is kept under 85 °C to prevent hydrolysis (especially with ilmenite as a starting 
raw material). 
The iron presented in the trivalent form Fe3+ undergo hydrolyzation and adheres to 
titanium oxide hydrate, to prevent this phenomenon the Fe3+ is reduced to Fe2+ by scrap iron 
as shown in chemical reaction (5)[8, 18, 19]. 
 
( ) 40342 3 FeSOFeSOFe →+
  
(5)
 
Reoxidation of Fe2+ is prevented by Ti3+. The solution is left to settle and then filtered. All 
undissolved solid material is removed. Afterwards, the solution is cooled under vacuum and 
copperas (FeSO4.7H2O) crystallizes and is filtered see chemical reaction (6) [8, 18, 19]. 
 
OHFeSOOHFeSO 2424 77 ⋅→+
  
(6)
 
The titanyl sulphate is hydrolyzed as described in reaction (7) at 94-110 °C and hydrated 
titanium dioxide (HTD) (TiO(OH)2) is precipitated [8, 18, 19]. 
 
( ) 42224 2 SOHOHTiOOHTiOSO +→+
  
(7)
 
Precipitated HTD has to be filtered and washed from impurities by water or diluted 
sulphur acid. The impurities that are not washed out can be removed by reduction in diluted 
sulphur acid at 50-90 °C with addition of zinc or aluminium powder or nonmetallic reducing 
agents. Chemisorbed sulphuric acid is removed during heating at high temperatures [9]. Some 
specific pigment grade may require additional treatment and dopation by alkali metals, 
phosphoric acid (H3PO4), zinc oxide (ZnO), aluminium oxide ( Al2O3) or antimony trioxide 
(Sb2O3). 
  
The water content in
rotary vacuum filters till it 
1100 °C for several hours (7
filtration proceeds according to 
 
The determining factors 
process are hydrolysis progress
the kiln and grinding of the product
sulphate method is schematically shown in 
Fig. 11 
 
2.6 Precipitation 
Hydrolysis is the most important reaction in the 
even though it is known for more than 80 years it has not been sufficiently described
yet [20, 21]. Hydrated titanium dioxide (HTD)
during the hydrolysis of
notation different from 
TiO.nH2O and corresponding form of
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reaches approx. 30-40 % and then is calcined in
-20 h) [8, 18, 19]. The calcination of the product 
reaction (8). 
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 (Eq. 7), purification of the hydrolysate,
 [8, 18, 19]. Entire process of TiO
Fig. 11. 
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( ) 422224 1 SOHOHnTiOOHnTiOSO +⋅→++
  
(9)
 
At the first stage “induction period”, HTD is precipitated in colloid form. When the 
concentration of colloid HTD is sufficient, the growth of crystallite HTD starts “rapid 
hydrolysis”, utilizing colloid particles as nucleation centers. The aggregation of HTD 
crystallites leads to the precipitation of TiO2 from the solution [22]. The progress of the 
precipitation is illustrated by reaction (10). 
ecrystallincolloid OHnTiOOHnTiOTiOSO 22224 ⋅→⋅→
  
(10)
 
The growth mechanism of colloid particles has been addressed in chapter 2.3.3 “Particle 
growth”.  
Precipitation is affected by number of parameters, known parameters affecting the 
precipitation are: 
• Titanyl sulphate concentration - increase in concentration of TiOSO4 leads to 
decrease of hydrolysis degree (it has a negative effect on HTD formation) [23]. The 
TiOSO4 concentration has great influence on the form of titanium ions in the 
solution. At high concentration of TiOSO4 the titanium ions form long chains of –
Ti2+–O–Ti2+–O–, at lower concentrations the titanium ions form monomers. The 
solubility of chains is lower than of the monomers [22].  
• Sulphuric acid concentration - the sulfuric acid is required to prevent premature 
hydrolysis of the titanyl sulphate solution. It is characterized by “acid number” 
describing the ratio of sulfuric acid concentration (free and also bound in titanyl 
sulphate) to titanium dioxide and it is kept in range 1.8 - 2.2 [22]. 
• Reaction temperature - increased temperature improves the yield and shortens the 
time required for complete precipitation, at temperatures below 90 °C the 
precipitation is slowed down [22]. 
• Crystallization seeds - The presence of crystallization seeds, nucleation seeds, or 
centers is vital for the hydrolysis process. There are two methods of securing 
sufficient concentration of nucleation centers - the Mecklenburg method [20] and 
Blumenfeld method [21]. The Mecklenburg method is based on the preparation of 
the nucleation centers in the primary solution of titanyl sulphate. The Blumenfeld 
method is based on the preparation of the nucleation centers in the separate reactor 
and their subsequent transfer to the primary solution of titanyl sulphate [22]. 
• Impurities - the presence of Fe2+ during the hydrolysis has positive effect on 
formation of colloidal TiO2 [22]. 
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• Stirring - has no direct effect on the nucleation and size of the primary particles, but 
the stirring rate affects the size of agglomerates. With high stirring rate, the size of 
agglomerates decreases [22]. 
 
2.7 Characterization 
The morphology, chemical composition and physical properties are always studied using 
different kinds of experimental methods. The basic principles of the employed 
characterization methods are described below. 
2.7.1 X-ray diffraction 
Standard method used for structure and phase analysis of powder sample is X-ray powder 
diffraction. This method utilizes photon diffraction on ordered atomic planes. The condition 
of organized structure is well met in crystalline solids but not in amorphous solids for their 
lack of long range organization. The method is not very suitable for them. Diffraction on 
crystal is expressed in Bragg equation (2)  
θλ sin2 dn =
 (2) 
where n is an integer, λ is wavelength of the incident light, d is spacing between planes 
and θ is an angle between incident beam and atomic plane. 
The diffraction phenomenon can occur only if the photon has sufficient energy so that its 
wavelength according to equation (1) corresponds to the atomic size (1.10-10m). 
The source of X-ray photons is usually an X-ray tube where electrons are accelerated by a 
high voltage and collide with metal anode which leads to X-ray photons emission. Through 
the selection of anode and voltage regulation, it is possible to affect the energy of the photon. 
To prevent fluorescence the energy has to be carefully chosen. Diffracted rays are detected 
and the dependence of the signal intensity on scattering angle is registered. Brag-Brentano 
setup is very often used for phase analysis of powder samples and is schematically illustrated 
in Fig. 12.  
  
Fig. 12 Bragg-Brentano instrumental setup
From diffraction patter
size and by application of Rietveld method 
microstrain [24, 25]. 
2.7.2 Sulphur analysis
Sulphur content is often
heating of the weighted sample in oxygen stream, conversion of sulphur into sulphur dioxide 
SO2 and infrared spectroscopic analysis of exhaust gases
recalculated to sulphur content. 
analyzed i) heating in a 
induction furnace, an accelerator is always added to the sample (e.g. tungsten or iron) so even 
non-conductive samples can be heated in the induction furnace.
Fig. 13 
During the analysis the released SO
whereas the photon having the 
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angle and 2θ scattering angle. 
ns it is possible to determine crystallographic structure, crystallite 
even parameters like texture and 
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rotational modes induces dipole change in the molecule as is illustrated in Fig. 13. Each 
material has its characteristic IR spectrum with typical absorptions for bond lengths and 
symmetries [26]. Pros of this method is short measurement time and low consumption of 
sample, con of this method is the destruction of the sample and necessity for careful selection 
of proper calibration standards. 
2.7.3 Measurement of the photodegradation activity 
Photoactivity of the photocatalysts is evaluated based on the degradation of model 
pollutant under the irradiation. During photodegradation process the concentration of the 
model pollutant such as toluene, mono-nitrogen oxides (NOx), organic dyes, etc. is decreased 
via the processes described in chapter 2.2 “Photoactivity”. The degradation process can take 
place in liquid medium (the photocatalyst is immersed or dispersed in pollutant solution) or in 
gas medium (solid photocatalyst placed in sealed reactor is exposed to stream of the gas 
pollutant) [14]. The photoactivity of one sample may differ for different pollutants and for gas 
and liquid medium. As was indicated in chapter 2.2 “Photoactivity”, the nature of the 
photodegradation process is rather complex and is affected by many factors. In this thesis, 
photoactivity was evaluated in liquid phase and organic dye was used as a model pollutant. 
The photodegradation effect was characterized using change in coloration of the photocatalyst 
and model dye aquatic suspension subjected to UV light irradiation.  
Generally every possible color can be expressed as a combination of three basic colors 
(red, green, blue), their combination is called tristimulus and is described by parameters X, Y, 
Z, respectively. The ideal color space can be viewed as 3D object where every position 
corresponds to a color and is described by three co-ordinates. Several color spaces were 
devised and the most notable one is CIELAB recommended by Commission Internationale de 
l’Eclairage (CIE international authority on light and lighting, color and vision, photobiology 
and image technology). The CIELAB system can be described as 3D set of points, where 
every point represents a color and points are arranged in a way that distance between two 
points corresponds to the difference in their color (see Fig. 14). 
  
Every point in CIELAB 
between red and green, b* position between blue and yellow. In ideal situation the 
discoloration of the dispersion is complete 
suspension after the photodegra
before addition of dye into 
because the presence of the 
dye. The dye fragments 
can block further adsorption of other chemical species
2.7.4 Thermal analysis
Thermal analysis (TA)
predetermined temperature program
based on the monitored parameters
a) methods measuring weight changes
b) methods determining the change in 
c) methods assessing changes of other parameters
Thermogravimetry (TG)
in a crucible and is gradually heated with 
are carefully monitored 
acquired data it is possible to determine 
occurs and with the knowledge
identify what chemical reaction may have caused 
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Fig. 14 CIELAB color space. 
space is characterized by parameters: L* lightness, a* position 
and the measured L*a*b* parameters of a 
dation experiment are identical with the values measured 
the suspension. Unfortunately this state is not usually 
dye fragments created during the photoinduced decomposition of 
can be adsorbed on the surface of the catalyst and change its color or 
 [27, 28]. 
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affecting TG thermogram are starting weight of the sample, temperature program, the sample 
geometry and furnace atmosphere. 
Differential scanning calorimetry (DSC) belongs to method classified in b) section. This 
method is based on the measurement of electric input required for heating of the sample. 
Together with sample the selected standard material is placed in furnace both of them have 
separate heating source. The difference in power input between heating stage of sample and 
standard is measured. In case of endothermic reaction the sample absorbs more heat than 
standard and thus the power input into its heating stage has to be increased to compensate the 
difference between the heating stage of standard while in the case of exothermic reaction of 
sample it is the standard that needs increase of power input to minimize the temperature 
difference. 
Thermal analysis methods are very useful for observing phase transitions, crystallization, 
determining hydratation, decomposition reactions, stability evaluation, determination of 
purity etc. On the other hand the thermogravimetry is time consuming method (samples have 
to be usually dried for at least 24 h and the main analysis also requires several hours) [29, 30]. 
2.7.5 Electron microscopy techniques 
The principle of electron microscopy is similar to optical microscopy, but photons are 
substituted by electrons and focusation of the electron beam is done by electromagnetic coils. 
The electrons are thermally emitted from a tip of a metal filament and accelerated by high 
voltage towards the sample. The electromagnetic coils divert the electron beam over the 
sample surface. The electron beam interacts with electron shells of sample atoms. The whole 
variety of interactions that can take place during the interaction of emitted electron and 
surface of the sample is shown in Fig. 15. 
  
Scanning electron microscopy (SEM) utilizes acceleration voltage 
of tenths of keV (typically 
requires higher acceleration voltage about 80
determining of the morphology of the sample
EDX analyzer which enable
imaging modes used in SEM technique
electrons knocked out from the electron shells in the sample
low energy prone to recombination and therefore give i
layer of the sample. Imaging in back scattered electrons (BSE)
back from the electron shell
analysis can be determined from analysis
electron from the beam knocks out one of the core shell electrons and the vacancy is filled by 
an electron from valence layer. The energy difference between those two electron states is 
emitted in the form of photon. The electron transitions 
each chemical element. The method is called energy
[31].  
2.7.6 Specific surface area and porosity
As was shown in chapter 
the semiconductor particle plays 
and one of the factors involved is s
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Fig. 15 The electron interaction with the sample.
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unit of mass. The specific surface area consists of external surface area of the particles and 
internal surface area of the pores. For most of porous materials the external surface area is 
usually much larger than the internal one but in microporous materials the situation is 
opposite [32].  
The SSA of solids is commonly determined by gas physisorption (adsorbate - nitrogen or 
argon) on powder sample (adsorbent). The measured value of surface is influenced by used 
type of adsorbate, temperature and pressure. The physisorption is based on van der Waals 
interactions that have longer range than strong chemical bonds and allows formation of 
multilayers. According to different interactions between adsorbent and adsorbate the 
individual types of model adsorption isotherms were classified (IUPAC classification, 
see Fig. 16). Adsorption isotherms are functions of volume of adsorbate on gas pressure at 
constant temperature [32].  
In Fig. 16 where I is isotherm describing adsorption on microporous adsorbent, II is 
isotherm describing adsorption on macroporous adsorbent with strong adsorbate - adsorbent 
interaction, III is isotherm describing adsorption on macroporous adsorbent with weak 
adsorbate - adsorbent interaction, IV is isotherm describing monolayer adsorption, multilayer 
adsorption and capillary condensation in mesoporous adsorbent with strong adsorbate - 
adsorbent interaction, V is isotherm describing monolayer adsorption, multilayer adsorption 
and capillary condensation in mesoporous adsorbent with weak adsorbate - adsorbent 
interaction, VI describes adsorption isotherm with several steps [33]. 
 
Fig. 16 Illustration of different isotherm functions [34].  
  
Fig. 17 The p
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as is illustrated in Fig. 17
net pore volume. According to diameter 
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3 Experimental 
The aim of the experimental work was preparation and characterization of photoactive 
TiO2 from powder titanyl sulphate precursor using three synthesis methods. The synthesis 
processes, their variations as well as the results obtained using selected methods of chemical 
and phase analysis applied on precursor and products are described in this section. The 
synthesis methods were evaluated by the means of the photodegradation activity of resulting 
TiO2. 
The experimental methods of the TiOSO4 characterization were chosen in order to 
determine the purity and the composition of this precursor material and to confirm the 
presence of TiO2 in the products. The presence of impurities in TiO2 products was analyzed 
and crystal structure, crystallite size, morphology, specific surface area and photoactivity was 
determined. The effect of thermal treatment on the structure and photocatalytic activity of 
prepared samples was also studied. 
3.1 The characterization of precursor 
Powdered titanyl sulphate obtained from Precheza a.s. was used as TiO2 precursor in all 
three synthesis methods. This precursor was prepared using the sulphate process and was of 
very high quality. The phase composition and the presence of impurities was evaluated using 
XRD and TG/DSC-MS analysis. 
 
3.1.1 X-ray diffraction 
The phase composition of the powder TiOSO4 was determined using X-ray powder 
diffraction. The XRD pattern was obtained using Bruker D8 Advance diffractometer (Bruker 
AXS, Germany) with fast position sensitive detector VÅNTEC 1, photo of the instrument is 
shown in Fig. 18. 
The source of X-ray irradiation was cobalt tube (CoKα, λ = 1.7889 m-10). The powder 
titanyl sulphate sample was pressed in rotational holder and measured in the reflection mode. 
The registered XRD pattern was evaluated using the database PDF 2 Release 2012 
(International Centre for Diffraction Data). 
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Fig. 18 Photo of Bruker D8 Advance X-ray diffractometer. 
The registered XRD pattern of TiOSO4 precursor is shown in Fig. 19. All of the registered 
diffraction lines correspond with the entry for titanyl sulphate monohydrate (card no. card 81-
1567) in the PDF 2 database, card 81-1567 is included in attachments.  
 
Fig. 19 XRD pattern of titanyl sulphate monohydrate. 
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3.1.2 Thermal analysis
Thermogravimetric analysis
were measured using instrument
microbalance equiped with mass
into the α-Al2O3 sample holder and was
nitrogen and oxygen (flow of 
The heating rate was 10
registered TG-DSC-MS curves are shown in Fig. 20. 
 
Fig. 
TG curve (Fig. 20) reveals four
weight losses at 250 °C, 325
MS spectra (Fig. 20). The 
water, is 13.6 wt%. In pure titanyl sulphate monohydrate the amount of water should be
10.1 wt%. With respect to the XRD the titanyl sulphate should be 
of water 13.6 wt% theoretically corresponds to hydrated titanyl sulphate of formula 
TiOSO4·1.4H2O. The discovered difference can be explained by
adsorbed water in total amount 3.
sulphate. The presence of the titanyl sulphate with higher amount of crystalline water (e.g. 
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 (TG) and differential scanning calorimetry (DSC)
 Netzsch-Gerätebau GmbH - STA 449 C Jupiter Thermo
 spectrometer detector. The sample 
 heated in dynamic atmosphere 
oxygen - 50 mL/min, flow of nitrogen -
 °C/min. The maximum temperature was
 
20 Thermogravimetric analysis of titanyl sulphate.
 distinct drops of weight in whole temperature range. The 
 °C and 475 °C are attributed to release of water as revealed by 
overall decrease of weight up to 475 °C, attributed to the release of 
monohydrate, but the loss 
 the
5 wt% what also correlates with acidic character of titanyl
 of TiOSO4 
-
(10.560 mg) was placed 
of the mixture of 
 15 mL/min of nitrogen). 
 set to 1200 °C. The 
 
 
 
 presence of physically 
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TiOSO4·5H2O) in the TiOSO4 precursor in the amount which is undetectable with XRD 
method can be another reason for higher amount of water detected by TG analysis. The 
sulphur in the form of sulphur oxides is released at temperatures above 600 °C as evident 
from TG and MS curves (Fig. 20). The DSC curve shows endothermic desorption of water 
and exothermic decomposition of the titanyl sulphate accompanied with release of sulphur 
oxides [29]. 
3.2 Synthesis methods 
Three synthesis methods used for preparation of TiO2 in the experimental part are based 
on method published by Sivakumar et al. [35]. The original method used by Sivakumar et al. 
was modified in the neutralization step where ammonium hydroxide (NH4OH) was replaced 
by sodium hydroxide (NaOH). With the idea of possible industrial production in the future, 
the sodium hydroxide presents more ecological alternative to dangerous ammonium 
hydroxide. 
The powder titanyl sulphate precursor was diluted to liquid titanyl sulphate. The 
preparation of liquid titanyl sulphate comprises dissolution of powder titanyl sulphate 
supplied by Precheza a.s, in weak acid solution (0.5 wt% H2SO4) to give the final 
concentration (0.2 mol·dm-3 TiO2) where the presence of sulphuric acid prevented 
hydrolyzation. The aqueous suspension of TiOSO4 was agitated overnight (22 h).  
The first synthesis is directly based on the Sivakumar´s et al. [35] method which was 
modified in the neutralization step where ammonium hydroxide (NH4OH) was replaced by 
sodium hydroxide (NaOH). The synthesis is designated as synthesis No.1 and in detail is 
described in chapter 3.2.1. 
The second synthesis utilized information discussed in chapter 2.6 “Precipitation” and the 
reaction temperature was raised. The reaction temperature was elevated in order to accelerate 
hydrolysis in the precipitation step. The temperature 80 °C proved to be sufficient to start 
spontaneous hydrolysis. The synthesis is designated as synthesis No.2. and in detail described 
in chapter 3.2.2. 
The third synthesis employed also reaction at elevated temperature combined with the 
effect of nucleation seeds. The Mecklenburg method of nucleation seeds preparation in a 
primary solution was applied. The synthesis is designated as synthesis No.3 and in detail is 
described in chapter 3.2.1. 
The final products of all of the synthesis were rinsed with water to wash out sulphate ions 
(SO42-) present from the sulphuric acid. The presence of sulphate ions was tested using 
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barium chloride (BaCl2) solution, where Ba2+ ions react with SO42- ions to give white 
precipitates of BaSO4 which is almost insoluble in water.  
Rinsed products were dried at 105 °C for 1 h and thermally treated at selected 
temperatures. The samples were calcined in muffle furnace at temperatures 200, 400, 600 and 
800 °C for 1 h. Heat treated samples were distinguished with suffixes to their title stating 
maximum temperature during the heat treatment. The suffix used for samples dried at 105 °C 
was 105, for samples calcined at 200, 400, 600 and 800 °C suffixes K200, K400, K600 and 
K800 respectively were used.  
The dried and calcined samples (4 g of dried sample or 1 g of calcined sample) were 
individually put into boron nitride grinding bowl with 5 balls and milled for 15 minutes in 
planetary mill Pulverisette 7 from Fritsch . 
  
  
3.2.1 Synthesis No.1  
The synthesis No.1 is 
titanyl sulphate was neutralized with 
constant rate of agitating
the neutralization the solution was overtitrated by NaOH and pH
addition of conc. sulphuric acid
TiO(OH)2 occurred. The 
demineralized (demi) water
ions in filtrate was teste
concentration 10 wt% of BaCl
sulphate test was negative. 
milling. According to heat treatment 
K200, TiO2 K400, TiO2 
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schematically shown in Fig. 21. The 2 L of 0
20 wt% solution of NaOH to reach
 using overhead stirrer (300 rpm). It has to be mentioned that 
 = 7 ha
. During the neutralization process the
resulting precipitate was filtrated and the filt
 with the aim to remove sulphate ions. The presence of sulphate 
d using aqueous solution of barium chloride 
2. The sample was rinsed with 7 L of 
The cake was afterwards subjected to drying, calcination and 
the produced samples were denoted
K600 and TiO2 K800. 
Fig. 21 Scheme illustrating synthesis No. 1. 
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 the pH value of 7 at 
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3.2.2 Synthesis No.2 
The synthesis No.2 
synthesis No.1. The modification is based on
when 2 L of 0.2 mol·dm
stirring (300 rpm). The 
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is schematically shown in Fig. 22 and represents
 raising the temperature of the titanyl sulphate 
-3
 solution of titanyl sulphate was heated 
spontaneous precipitation of TiO(OH)2 occurred
ation using aqueous solution of NaOH (20
, and filter cake was rinsed with demi 
 wt% barium chloride (BaCl
demi water before the sulphate test was negative. 
drying, calcination and milling. According to heat treatment 
2-T 105, TiO2-T K200, TiO2-T K400, TiO
Fig. 22 Scheme illustrating synthesis No.2. 
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3.2.3 Synthesis No.3  
The synthesis No.3 is 
0.2 mol·dm-3 solution of titanyl sulphate 
aqueous solution by peristaltic pump 
mixing the mixture was 
creation of nucleation centers in the 
reaction mixture was heated to 
advance TiO(OH)2 precipitat
adjusted by addition of 
precipitate was filtrated and filt
ions in filtrate was tested by 1
washed with 10 L of water before the sulphate test was negative. 
subjected to drying, calcination and milling.
samples were named TiO
TiO2-MZ K800. 
 
3.3 The characterization of 
Morphology, chemical composition and physical properties 
syntheses No.1 – No.3 
analysis, photodegradation activity 
microscopy and physisorption
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schematically shown in Fig. 23. In 
was dropwise added into 800 mL of 10
in the time interval of 80 min.
stirred at a constant rate of 300 rpm using overhead stirrer. 
reaction mixture. After the mixing was completed
the boiling point and then left to cool to 
ion on the nucleation centers. The pH of the suspension was 
13 mL of conc. sulphuric acid to give the 
er cake was rinsed with demi water. The presence of sulphate 
0 wt% barium chloride (BaCl2) solution. The sample 
The 
 According to heat treatment 
2-MZ 105, TiO2-MZ K200, TiO2-MZ K400, TiO
Fig. 23 Scheme illustrating synthesis No.3. 
the products 
of 
were characterized and evaluated using X
measurement, thermal analysis, scanning electron 
.  
this synthesis 2L of  
 wt% NaOH 
 In the course of this 
This led to 
, the 
80 °C to further 
pH 7. The resulting 
was 
cake was afterwards 
the produced 
2-MZ K600 and 
 
the TiO2 produced by 
-ray diffraction, sulphur 
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3.3.1 X-ray powder diffraction 
The XRD patterns were plotted from data measured using the same instrumental 
apparatus as was used for characterization of the precursor (see chapter 3.1.1.). The XRD 
patterns of the samples prepared using synthesis No. 1, No. 2 and No. 3 and samples obtained 
after their calcination are shown in Fig.24, Fig. 25 and Fig. 26, respectively. The amorphous 
character of the dried samples (TiO2 105, TiO2-T 105, TiO2-MZ 105) is clearly evident from 
their diffraction patterns, whereas the lowest crystallinity (highest amorphous character) 
shows the sample TiO2-MZ 105. Although the samples show amorphous character the 
diffraction lines belonging to anatase can be observed on the diffraction patterns of the 
samples TiO2 105 and TiO2-T 105.  
The samples prepared using syntheses No.1 and No.2 consists only of anatase up to 
600 °C, whereas complete phase transformation of anatase to rutile was observed after the 
calcination at 800 °C for both syntheses methods, also the samples calcined at 800 °C consists 
of newly originated sodium hexa-titanate (Na2Ti6O13). The sample prepared by method No. 3 
does not show the rutile formation even at 800 °C but shows the formation of sodium hexa-
titanate (Na2Ti6O13) already at 400 °C. 
 
Fig.24 XRD patterns of TiO2 powder samples prepared by synthesis No.1 where 1 is anatase, 2 is 
rutile, and 3 is sodium hexa-titanate. 
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Fig.25 XRD patterns of TiO2 powder samples prepared by synthesis No.2 where 1 is anatase, 2 is 
rutile, and 3 is sodium hexa-titanate. 
 
Fig. 26 XRD patterns of TiO2 powder samples prepared by synthesis No.3 where 1 is anatase, and 3 is 
sodium hexa-titanate. 
Heat treatment of the samples prepared using all of the three methods increased 
crystallinity (crystallite size) of the TiO2. Average size of anatase crystallites (Lc) was 
calculated using equation (3) proposed by Scherrer [36].  
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θ
λ
cos×
×
=
FWHM
KLC
 (3) 
Where K is shape factor (for spherical particles is K = 0.89), λ is the X-ray wave length 
(in case of CoKα irradiation: λ = 0.17889 nm), θ is Bragg angle in radians, FWHM stands for 
full width at half maximum of the (101) anatase diffraction peak. The anatase crystallite size 
(Lc) calculated for the prepared powder samples is shown in Tab. 2.  
 
Tab. 2 The anatase crystallite size Lc (nm) 
Synthesis No.1 Lc Synthesis No.2 Lc Synthesis No.3 Lc 
TiO2 105 6.3 TiO2-T 105 6.0 TiO2-MZ 105 --- 
TiO2 K200 8.9 TiO2-T K200 7.2 TiO2-MZ K200 --- 
TiO2 K400 11.1 TiO2-T K400 8.8 TiO2-MZ K400 62.1 
TiO2 K600 9.9 TiO2-T K600 11.8 TiO2-MZ K600 59.4 
TiO2 K800 --- TiO2-T K800 --- TiO2-MZ K800 108.5 
 
From the comparison of the calculated anatase crystallite size values in Tab. 2 the positive 
effect of heat treatment on crystallite size growing is apparent. The crystallite size of anatase 
increases with increasing temperature of the calcinations. The synthesis No.3 provides 
crystallites more than six times larger than other two methods. 
It is well known that the presence of anatase and its crystallite size have significant 
influence on photocatalytic activity of TiO2 [4]. With respect to crystallite size and growing 
content of anatase phase the sample TiO2-T K400 should exhibit the best photocatalytic 
activity. 
 
3.3.2 Thermal analysis 
The thermal analysis of the dried samples TiO2 105, TiO2-T 105, TiO2-MZ 105 was 
performed using the same instrumental apparatus as was used for characterization of the 
titanyl sulphate precursor (see chapter 3.1.2) and TG/DSC curves of these samples are 
compared in Fig. 27. It can be seen that the samples dried at 105 °C for 1 h contain significant 
amount of adsorbed water. The water is completely desorbed from the samples when the 
temperature exceeds 300 °C. The water content varies between samples. The largest content 
of adsorbed water (15 wt%) is presented in sample TiO2-MZ 105 (TG curve is marked by 
violet color), the second largest water content (13 wt%) had the sample TiO2 105 (TG curve is 
  
marked by red color) and the 
curve is marked by green
Fig. 27 Thermogram and DSC scan of dried samples
3.3.3 Sulphur analysis
The sulphur content was 
supplemented with an induction furnace 
ceramic crucibles filled with 
47 
lowest water content (12 wt%) had the 
 color). 
 TiO2 105 (red line), TiO
TiO2-MZ 105 (violet line). 
 
 
analyzed using Carbon Sulfur determinator ELTRA CS2000 
(Fig. 28). The combustion process was 
1 g of iron chip accelerator and 0.1 g of 
sample TiO2-T 105 (TG 
2-T 105 (green line) and 
carried out in 
the sample. 
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Fig. 28 Photo of Carbon Sulfur determinator ELTRA CS2000. 
 
The determined sulphur content is shown in Tab. 3. The sulphur content does not exceed 
0.364 wt% and any trends in sulphur content and heat treatment temperature are not apparent. 
It can be concluded that most of the sulphur was washed out during the rinsing of filter cake 
with demi water.  
Tab. 3 Sulphur content in wt%. 
Synthesis no.1 Sulphur 
content 
Synthesis no.2 Sulphur 
content 
Synthesis no.3 Sulphur 
content 
TiO2 105 0.256 TiO2-T 105 0.292 TiO2-MZ 105 0.331 
TiO2 K200 0.316 TiO2-T K200 0.339 TiO2-MZ K200 0.249 
TiO2 K400 0.336 TiO2-T K400 0.364 TiO2-MZ K400 0.283 
TiO2 K600 0.232 TiO2-T K600 0.299 TiO2-MZ K600 0.258 
TiO2 K800 0.297 TiO2-T K800 0.287 TiO2-MZ K800 0.237 
 
3.3.4 The measurement of the photodegradation activity 
The photocatalytic activity of the prepared samples was measured according to Precheza 
a.s. internal protocol used for powder samples photoactivity measurement in water suspension 
in cuvette with 10 mm lightpath using UV-VIS spectrometer UltraScan XE-Hunter Lab in 
diffuse reflectance setup. This method is based on registration of the diffuse-reflectance 
spectra of the aqueous suspension of tested sample colored with acid orange 7 after the UV 
irradiation. 
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The testing suspension was prepared from 100 mL of demi water and 0.1 g of the powder 
sample, then 50 mL of this suspension was pipetted into beaker and stirred at 300 rpm for 
5 min with electromagnetic stirrer, then the diffuse reflectance spectra of the suspension was 
measured and set as a baseline. Subsequently the suspension was colored by addition of 
0.5 mL of model dye (c = 0.0015 mol/L acid orange 7). The obtained colored suspension was 
further stirred for 15 min before the photodegradation activity measurement begin. After this 
step the irradiation of the stirred suspension using UVA mercury lamp OSRAM L36-73 is 
initiated and the diffuse reflectance spectra are measured at first in 2 min. intervals to capture 
the beginning of the photodegradation process and 5 min. intervals after the stabilization. The 
measurement continued until the photodegradation of the dye was complete or until 
120 minutes of exposition time passed. The photodegradation activity was evaluated from 
L*a*b coordinates in a form of time necessary for photodegradation. The table Tab. 4 shows 
the time calculated from the monitoring of the b* parameter in CIELAB color space. The 
value of b* parameter rose after the addition of dye to the suspension, subsequent decrease of 
the value in response to photodegradation of the dye was monitored.  
 
Tab. 4 The photodegradation activity of the sample is described as a time necessary for 
photodegradation (min). 
Synthesis no.1 Time Synthesis no.2 Time Synthesis no.3 Time 
TiO2 105 --- TiO2-T 105 32.6 TiO2-MZ 105 --- 
TiO2 K200 --- TiO2-T K200 26.2 TiO2-MZ K200 33.1 
TiO2 K400 35.1 TiO2-T K400 19.2 TiO2-MZ K400 19.7 
TiO2 K600 46.0 TiO2-T K600 20.6 TiO2-MZ K600 26.9 
TiO2 K800 44.9 TiO2-T K800 --- TiO2-MZ K800 --- 
 
From Tab. 4 is clear that the most photoactive are the samples calcined at 400 °C. It has 
to be noted, that not for all of the samples was photodegradation activity successfully 
evaluated due to the sedimentation of the measured sample or adsorption of the dye and 
products of photodegradation at the surface of the samples what led to significant difference 
of diffuse reflectance spectra which were non-comparable with baseline spectra (the spectra 
obtained for the un-colored suspension). The results presented in table 4 show the sample 
TiO2-T K400 as the best photocatalyst what correlates well with presence of anatase and its 
crystallite size (see table 2). 
  
3.3.5  Scanning electron microscopy
The morphology of the 
studied using SEM (Philips XL 30). 
sputtered with an Au/Pd film. SEM images were obtained using a secondary electron detector 
(SE) and are presented in Fig.
 
Fig. 29 SEM images of sample: 
The first two images in 
filament had become un
lowered. Otherwise the measurement
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selected TiO2 samples prepared using syntheses No.1 
To make the samples conductive t
 29.  
 
 
 
(a) TiO2 105, (b) TiO2 K400, (c) TiO2-T 105, 
TiO2-MZ 105, and (f) TiO2-MZ K400.  
Fig. 29 were acquired at different accele
stable during the measurement session and the voltage had to be 
 proceeded without problems.  
– No.3 was 
he samples were 
 
 
 
(d) TiO2-T K400, (e) 
rating voltages. The 
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As can be seen from the Figures 29d and 29e, all of the particles are agglomerates 
covered with smaller particles. The size of the particles varied for each sample, uniform 
particle size distribution was not observed. The morphology of the TiO2 samples is closely 
similar and the size of the agglomerates was in the order of micrometers. The effect of 
calcination on agglomerate size was not observed. 
The elemental composition of the samples was acquired by the Energy-dispersive X-ray 
spectroscopy (EDX) and revealed the presence of titanium and sodium at all of the samples, 
the presence of sulphur was not verified. Sodium content determined using EDX analysis 
performed at the selected area of the imaged samples is shown in Tab. 5. The presence of 
sodium impurities in sample was reported to support phase transition from anatase to rutile 
and formation of sodium hexa-titanate phases e.g. by Zita et. al. [37]. 
 
Tab. 5 Sodium content in the samples in wt%. 
Sample Sodium content  
TiO2 105 8.2 
TiO2-T 105 5.2 
TiO2-MZ 105 10.9 
TiO2 K400 6.5 
TiO2-T K400 5.7 
TiO2-MZ K400 9.0 
 
 
3.3.6 Physisorption  
The physisorption of the selected samples was determined using the nitrogen adsorption-
desorption measurements at - 198 °C. The measurement was performed using the Sorptomatic 
1990 instrument (Thermo Fisher Scientific Inc., Italy) shown in Fig. 30. Prior to the nitrogen 
physisorption measurements, the samples were degassed at temperature 110 °C for 12 h under 
vacuum lower than 1 Pa. The degassing was applied in order to remove physisorbed water.  
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Fig. 30 Photo of Sorptomatic 1990, Thermo Fisher Scientific. 
The specific surface area was calculated according to the classical Brunauer–Emmett–
Teller (BET) theory for the p/p0 range 0.05-0.25 and is marked as SBET (m2/g) [33, 38]. The 
net pore volume, Vnet (mm3liq/g) was determined from the nitrogen adsorption isotherm at 
maximum p/p0 (~0.9995). The data gathered from the SSA measurement are summarised in 
Tab. 6. 
 
Tab. 6 The overview of data gathered from the SSA measurement. 
sample isotherm type porosity SBET Vnet• 
TiO2 K400 IV mesoporous 59.3 180 
TiO2-T K400 I + IV micro-mesoporous 97.8# 238 
TiO2-MZ K400 II meso-macroporous 14.1 87 
 
Comparing the data in Tab 6 the sample TiO2-T K400 shows significantly larger specific 
surface area (97.8 m2/g) than the other samples. The net pore volume corresponds well with 
the values of specific surface area. 
The SBET value of the sample TiO2-T K400 is slightly overestimated due to the presence 
of small amount of micropores. The stated net pore volume covers only the volume of pores 
with diameter smaller than 80 nm. The adsorption–desorption isotherms are shown in Fig. 
31 Fig. 33 below. The adsorption isotherms are presented in black color and desorption 
isotherms are in red color. 
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Fig. 31 Adsorption (in black color) - desorption (in red color) isotherm for sampleTiO2 K400. 
 
 
Fig. 32 Adsorption (in black color) - desorption (in red color) isotherm for sample TiO2-T K400. 
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Fig. 33 Adsorption (in black color) - desorption (in red color) isotherm for sample TiO2-MZ K400.  
The porosity of the samples was evaluated from the registered isotherms. The isotherms 
in Fig. 31 represent isotherm of IV type which is typical for mesoporous materials. In Fig. 32 
is isotherm combining I and IV type. This combination of isotherms describes micro-
mesoporous material. Hysteresis loop between adsorption and desorption branch is clearly 
apparent in Fig. 31 and Fig. 32 is, in Fig. 33 the adsorption and desorption isotherm overlaps 
and no hysteresis loop is visible. Isotherm in Fig. 33 is the type II and is typical for meso-
macroporous materials. 
The absence of hysteresis loop observed for sample TiO2-MZ K400 means that the 
adsorbed and desorbed volume of adsorbate is identical and there is no retention in the pores. 
The isotherm in Fig. 33 is typical for meso-macroporous materials which have easily 
accessible pores with shape that does not prevent desorption e.g. cylindrical shape. With 
respect to values of specific surface area the sample TiO2-T K400 should exhibit the best 
photocatalytic activity. 
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4 Conclusion 
Based on the knowledge gathered from literature research, three synthesis methods for 
TiO2 using titanyl sulphate were proposed and tested. Photocatalytic active TiO2 was 
successfully prepared from each of the methods. The products were characterized using X–ray 
diffraction, sulphur analysis, photocatalytic activity measurement, thermal analysis, scanning 
electron microscopy and physisorption. 
The photocatalytic activity was evaluated according to Precheza a.s. internal method for 
powder samples using aquatic suspension of sample and model dye subjected to UV 
irradiation. The best photodegradation activity show the samples prepared by synthesis No.2. 
The photocatalytic activity was positively affected by calcination of the TiO2 samples 
obtained from all of the tested syntheses. The samples calcinated at 400 °C for 1 h show the 
highest photodegradation activity. 
The sulphur content at the samples was determined by combustion method. The measured 
content of the sulphur revealed the fact, that the sulphate ions cannot be decreased below 
1 wt% by washing even with high volume of water (10 L). 
The sodium content at selected samples was determined by EDX analysis. The sodium 
content was surprisingly high and the values differed among the syntheses. The sodium 
content ranged from 5wt % to 10 wt% in samples prepared using synthesis No.2 and synthesis 
No.3, respectively. Although sodium hydroxide (NaOH) is more ecologically suitable 
neutralization agent than ammonium hydroxide (NH4OH), it serves as a source of sodium 
cations Na+ ions that may have negative effect on TiO2 photocatalytic activity whereas the 
data obtained in experimental section support this theory. 
The water content was determined by thermogravimetric analysis of the samples 
previously dried at 105 °C. The values ranged from 10 wt% in sample from synthesis No.2 to 
15 wt% in sample from synthesis No.3. 
The phase composition of the samples was determined by X–ray diffraction method. Prior 
to heat treatment the prepared samples show amorphous character. The heat treatment of the 
samples resulted in increase in the crystallite size. The presence of anatase, rutile and hexa-
titanate (Na2Ti6O13) phases in samples was detected. The anatase phase was identified in 
samples from all three syntheses. The anatase phase transformed to rutile phase in samples 
from syntheses No.1 and No.2 after their calcination at 800 °C for 1 h. The sodium hexa-
titanate (Na2Ti6O13) was observed in samples from all three syntheses calcined at 800 °C. The 
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phase transition of anatase phase to rutile phase and development of sodium hexa-titanate 
(Na2Ti6O13) were linked to decrease in photoactivity.  
The specific surface area and net pore volume were evaluated by physisorption. The 
selected sample from the synthesis No.2 calcined at 400 °C had almost two times higher 
specific surface area compared to sample from synthesis No.1 and almost seven times higher 
compared to sample from synthesis No.3. The porosity of the selected samples was 
determined from the adsorption-desorption isotherms. The presence of micropores was 
detected in sample obtained from synthesis No.2 calcined at 400 °C (TiO2-T K400). The 
positive effect of the size of the specific surface area on the photodegradation activity of the 
prepared samples was shown. 
The morphology of the samples was determined using scanning electron microscopy and 
using this method the presence of large agglomerates in micrometer dimensions was detected.  
The aims of the diploma thesis were successfully accomplished. All three preparation 
methods produced photoactive TiO2. The best photocatalytic activity showed sample  
TiO2-T K400 prepared by method No.2 and calcined at 400 °C.  
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